We investigate the phenomenology of dark matter decay assuming that it is induced by non-minimal coupling to gravity, when the dark matter mass is in the sub-GeV range, i.e. below the QCD confinement scale. We show that the decay of the singlet scalar dark matter candidate produces sharp features in the photon spectrum, in the form of lines, boxes, and also in the form of a novel spectral feature, characterized by the decay into e + e − γ through a contact interaction, with decay branching fractions depending only on a single parameter, namely the dark matter mass. We also derive upper limits on the strength of the gravity portal from the non-observation of sharp features in the isotropic diffuse gammaray spectra measured by COMPTEL, EGRET and Fermi-LAT, and the X-ray spectrum measured by INTEGRAL. Finally, we briefly comment on the impact of dark matter decay via non-minimal coupling to gravity on the reionization history of the Universe.
Introduction
Cosmological observations reveal that approximately 16% of the matter density of our Universe is in the form of protons, while the remaining 84% is attributed to a nonluminous component [1] , dubbed dark matter, possibly constituted by new particles not contained in the Standard Model (for reviews, see [2] [3] [4] [5] ). Dark matter particles were produced in the very early stages of our Universe, therefore their presence today in galaxies, clusters of galaxies, and in the Universe at large scale requires their lifetime to be at least as long as the age of the Universe.
A common strategy to make dark matter stable consists in postulating a new global symmetry, unbroken in the electroweak vacuum, under which the dark matter particle is charged while all particles in the observable sector remain neutral. This global symmetry is purported to forbid all operators leading to dark matter decay, rendering it absolutely stable. This discussion normally ignores the effects of gravity. However, it has long been argued that global symmetries cannot be preserved in the presence of gravitational interactions [6] [7] [8] . Since curved spacetime is the natural arena where dark matter models should be embedded, this generates a mechanism for dark matter decay into the Standard Model particles via a gravitational portal.
In [9, 10] , gravitationally-induced dark matter decay was explored for a class of operators linear in the dark matter field and coupled non-minimally to gravity through the Ricci scalar. In this framework, dark matter decays into Standard Model particles with a total decay rate suppressed by inverse powers of the Planck mass and with branching ratios which only depend on the dark matter mass. Refs. [9, 10] covered the range with dark matter masses larger than ∼ 1 GeV, such that the Standard Model degrees of freedom (quarks, leptons, gauge bosons and the Higgs) provide a good description of the possible decay products. In contrast, for dark matter masses in the sub-GeV regime, the relevant degrees for freedom are the photon, the three neutrinos, the electron, the muon (and their antiparticles) from the electroweak sector, as well as the pions from the confinement of light quarks and gluons. The interactions of the latter are described by chiral perturbation theory, the theory of the strong interactions below the confinement scale (for reviews, see [11, 12] ). Hence, the phenomenology of dark matter decay in the sub-GeV regime is qualitatively different to the one in the supra-GeV regime and a dedicated analysis is in order.
In this paper, we identify the dominant decay channels of a scalar singlet dark matter candidate with sub-GeV mass via the gravity portal, and we calculate the corresponding rates and branching ratios. Notably, we find that, for the whole mass range under consideration, the channels producing sharp spectral features in the photon spectrum have sizable branching fractions, thus providing a strong test on the size of the non-minimal couplings of dark matter to gravity.
Gravity portal for light scalar dark matter decay
In the absence of gravity effects, the total action for the observable and dark sector can be written as
where φ is the dark matter field and X generically denotes the dynamical degrees of freedom in the observable sector at the energy scale relevant for dark matter decay. L eff obs (X) is the effective Lagrangian of the observable sector and L DM (φ, X) contains terms involving the dark matter field together with its possible interactions with the observable sector. We also assume, as commonly done in the literature, the existence of a stabilizing global symmetry, under which the fields of the observable sector transform trivially but the dark matter field does not.
In the presence of gravitational interactions, the stabilizing symmetry remains unbroken provided the dark matter only couples minimally to gravity. Nevertheless, non-minimal coupling to gravity may break the global symmetry and therefore induce dark matter decay. The dominant operators will be the ones with the lowest dimension. In this work we focus on the singlet scalar dark matter candidate which, as discussed in [9, 10] , can be non-minimally coupled to gravity through a gauge and Lorentz invariant operator in the action already at mass dimension 3, 1 namely:
where g is the determinant of the metric tensor g µν , κ = M −1 P = √ 8πG is the inverse (reduced) Planck mass, M is a mass scale and ξ is a dimensionless coupling.
For dark matter heavier than the electroweak scale, L eff obs (X) conservatively corresponds to the Standard Model Lagrangian (although it may be extended to account for the dynamics of new, still undiscovered, degrees of freedom). In contrast, for dark matter lighter than the GeV scale, which is the focus of this paper, L eff obs (X) consists of terms describing the dynamics and interactions of the light degrees of freedom (the three pions, the photon, as well as the electron, the muon and the three neutrinos and their antiparticles) 2 , augmented with terms resulting from integrating out heavy particles from the action, which are off-shell at the energy scale relevant for dark matter decay (heavy fermions, W , Z and Higgs). The effect of these heavy fields at low energies is encapsulated in the Wilson coefficients of four-fermion operators, as well as in the vacuum polarization of the photon. We will neglect the former, since they give rise to four-body decays, which are heavily suppressed by phase-space factors. Then, 1 Decay operators through non-minimal coupling to gravity for dark matter candidates with gauge charges and/or higher spin require higher dimensional operators in the action. As a result, these candidates are predicted to have naturally cosmologically long lifetimes, unless the dark matter mass is very large [10] .
2 Strictly, kaons and eta mesons are also dynamical at energy scales smaller than ∼ 1 GeV. We will however not consider them explicitly in L eff obs (X), since the decays of a scalar dark matter particle with mass below ∼ 1 GeV into KK or ηη pairs is kinematically forbidden. the effective Lagrangian relevant for our analysis can be cast as
In the first line above we have defined 
; the traces are taken over the flavor indices and f π = 93 MeV is the pion decay constant. Finally, in the third line, Z 3 is the photon wavefunction renormalization constant, which receives contributions from all electrically charged degrees of freedom that have been integrated out at the cut-off scale of the theory, which in our case is ∼ 1 GeV. These include the top, bottom and charm quarks, the tau lepton, the W boson, as well as all hadrons made of light quarks except for the pions, which are the only dynamical hadronic degrees of freedom below ∼ 1 GeV.
3
The hadronic contributions to the wavefunction renormalization constant involve scales which lie in the non-perturbative regime of the strong interactions, and are therefore difficult to estimate. These contributions are however expected to be modest, certainly not larger than the one from all other degrees of freedom combined. In this work we will neglect the contribution from the hadronic states to the wave function renormalization constant. In practice, this will translate into a theoretical uncertainty in the calculation of Z 3 , which we expect to be at most of O (1) . Under this assumption, we obtain
where
We will see later on that current experimental bounds justify this strategy. Given the form of the non-minimal operator, the action in Eq. (2) can be recast as
Written in this form, it is clear that the non-minimal operator modifies the EinsteinHilbert action. The pure gravitational sector can be brought to canonical form through the field rescaling (Weyl transformation)
upon which the action gets transformed into the Einstein-frame form:
The main benefit of this field redefinition is that dark matter interactions with the light particles can now be read out in a straightforward manner. The transformation of Eq. (7) brings the effective Lagrangian of the observable sector to the form:
where hatted quantities denote that they are expressed in the Einstein frame. Note that the Weyl transformation modifies not just the metric and the coefficients of the operators, but also the photon wavefunction renormalization constant. This can be understood as a consequence of the rescaling that the kinetic and mass terms of the integrated-out particles also undergo when transforming the action from the Jordan to the Einstein frame. 4 Since the masses of the particles that have been integrated out are much larger than the momentum of the dark matter particle, the field φ is slowly-varying and effectively behaves as a constant. In this limit, the Lagrangian of the integrated-out W boson in the Einstein frame,
can be understood as having a φ-dependent rescaled mass. Integrated-out fermions show a similar rescaling:
which can be transferred entirely to the mass term once the field is canonically normalized (last equality). The effect of the Weyl transformation therefore amounts to a φ-dependent change in the masses of the particles entering the wavefunction renormalization constant, which then reads:
i=t,b,c,τ
Finally, upon expanding Ω, one finds effective interaction terms between the dark matter field and the operator F µν F µν . This procedure is similar in spirit to the one presented in [13] to determine h → γγ using low-energy theorems.
It is important to note that in the Einstein frame the field φ is not canonically normalized, as apparent from Eq. (8) . To bring the kinetic term of the dark matter field into the canonical form, we introduce the field φ, defined from the condition that
The field φ is then related to φ by the transformation
with
Notice that when the dimensionless combination κξM 1, the effects of the canonical normalization can be safely neglected. However, as we will see below, these effects can have a significant impact on the phenomenology when κξM 1.
The terms of the Lagrangian inducing dark matter decay can thus be identified by expanding Eq. (9) in powers of φ, and keeping the linear terms. Using Eqs. (14,15) , we obtain that for moderate values of κξM (at the energies we are working κ φ 1 is always fulfilled), the Weyl scaling factor can be approximated by:
Furthermore, since we are interested in the dominant decay modes, we will expand the chiral field U to quadratic order in the pion fields. The part of the effective Lagrangian linear in the (canonically normalized) dark matter field φ reads:
from where one can extract the dark matter decay vertices into electrons, muons, neutrinos, pions and photons. It is interesting to note that for κξM 1 the strength of the decay vertex is proportional to κξM , while for large values, it becomes approximately constant, due to the effect of the canonical normalization of the dark matter field. The phenomenological consequences of this behavior will be discussed in the next section.
Decay rates and observational signals
From the effective Lagrangian expressed in the Einstein frame, Eq. (17), the dark matter partial decay rates can be calculated. In what follows we will drop the hats from the fields for ease of notation, bearing in mind that all fields are now canonically normalized.
The rates for the decay modes with a fermion-antifermion pair or with pions in the final state can be straightforwardly calculated, the result being:
and x a = m 2 a /m 2 φ . The rate for the decay into two photons requires a more careful analysis, since at order e 2 it receives contributions from the effective vertex φF µν F µν in Eq. (17), as well as from loops of electrons, muons and pions. The result is:
where F (x) is the leptonic form factor, given by
and F pion is the pionic form factor, which will be neglected along with the hadronic contribution to c γγ . Therefore, and in contrast to the values of the decay rates into ff , ff γ and ππ, given in Eq. (19) , which are exact up to higher order corrections, the rate into γγ can be claimed to be accurate only up to an O(1) factor. This level of accuracy, on the other hand, will be sufficient for drawing our main conclusions. The decay widths for each of these final states depend on the dark matter mass and on the value of the parameter κξM . Clearly, for smaller and smaller κξM , the total rate decreases. However, for asymptotically large values, even for transplanckian scales κξM 1, the total rate reaches a finite asymptotic value, which is a factor 7/6 larger than the corresponding rate for κξM = 1. Notably, we see that due to the effect of the non-minimal coupling on the dark matter kinetic term, the decay rate cannot be significantly enhanced by taking κξM 1. The inverse widths for the relevant channels are shown in Fig.1 , for m φ between 400 keV and 700 MeV, assuming κξM = 1. Above 700 MeV, chiral perturbation theory is no longer valid and our approach is not applicable. For dark matter lighter than 2m e , only decays into photons or into neutrinos are kinematically accessible. For the latter, two-body decays are very suppressed by the conservation of angular momentum, hence we will only consider the former. 5 For dark matter masses between 2m e and 2m µ , the decay channels into e + e − and e + e − γ become kinematically accessible. Very close to the electron threshold, the decay into e + e − dominates, as Γ e + e − γ is suppressed in this limit by an extra factor of α/π(1 − 4x e ). However, the rate for φ → e + e − γ grows with the mass faster than the rate for φ → e + e − . We find that the branching fraction for φ → e + e − γ equals 5% for m φ 3 MeV, reaches 50% for m φ 14 MeV and becomes the dominant decay channel until decays into muons become kinematically accessible, for m φ = 2m µ . Close to the muon threshold, φ → µ + µ − dominates over φ → e + e − , due to the enhancement in the rate by the factor m 2 µ /m 2 e , and over the decays φ → µ + µ − γ, e + e − γ, due to the extra coupling constant and smaller phase space. The latter two processes have a larger rate than φ → µ + µ − when m φ 3 GeV. However, for masses above the threshold of pion pair production, m φ 270 MeV, the decays φ → π + π − , π 0 π 0 have rates larger than the processes with electrons or muons in the final state and become the dominant processes until m φ ∼ 700 MeV, which is the largest mass considered in this work. 17 s. For dark matter masses above ∼ 270 MeV, decays are so fast that the abundance of dark matter today would be much smaller than the observed value. In this regime, the parameter κξM is constrained to be smaller than 1, to ensure that the relic abundance of dark matter is compatible with present-day observations of our Universe.
Stronger constraints on the parameter κξM can be derived from the non-observation of photon fluxes generated in the dark matter decay over the astrophysical background. The prompt photon flux is dominated by the decay channels γγ, ff γ and π 0 π 0 . The differential spectrum in each case reads:
and Θ(x) the Heaviside function. Notably, for most values of the dark matter mass, the decay via the gravity portal predicts a sharp feature in the photon energy spectrum. For m φ < 2m e , the dominant decay channel is φ → γγ, which produces a line in the photon energy spectrum [14] [15] [16] . For 2m π 0 < m φ 1 GeV, the dominant decay channel is φ → π 0 π 0 , which produces a gamma-ray box from the decay in flight of the pions into two photons [17] . Finally, for 2m e m φ < 2m π 0 , we find a new sharp spectral feature, which arises from the decay vertex φēγ µ A µ e. In Fig. 2 we show the expected isotropic diffuse photon spectra from the decay of a dark matter particle with mass 5 MeV, 50 MeV and 500 MeV, assuming κξM = 1. The predicted flux includes contributions from the decay of the cosmological dark matter, with density Ωh 2 0.12 as reported by Planck [1] , and from the decay of Galactic dark matter, assumed to be distributed following a Navarro-Frenk-White [18] profile with scale factor equal to 24 kpc [19] , normalized such that the dark matter density at the position of the Solar System is ρ loc = 0.3 GeV/cm 3 . The detector response was simulated by adopting a fixed 10% energy resolution over the whole range. The Figure also shows the isotropic diffuse X-ray spectrum in the energy range 5-100 keV, as determined by INTEGRAL [20] , and gamma-ray spectrum between 0.8 and 30 MeV, between 30 MeV and 50 GeV, and between 100 MeV and 820 GeV, as determined by EGRET [21] , COMPTEL [22] and Fermi-LAT [23] , respectively.
As apparent from the Figure, when κξM = 1 the expected photon flux from dark matter decay can exceed the measured flux by many orders of magnitude. Furthermore, in all the cases, the energy spectrum presents a sharp fall-off close to the kinematic endpoint of the spectrum, which can be easily discriminated from the featureless astrophysical background. Therefore, the non-observation of sharp features in the isotropic diffuse photon spectrum translates into strong limits on the combination of parameters κξM .
In Fig. 3 we show conservative limits on κξM , calculated from requiring that in any energy bin of one of the four experiments under consideration, the photon flux from dark matter decay only does not exceed the measured flux by more than 2σ; for each experiment we used the appropriate energy resolution. We note that for very low dark matter mass the constraints disappear. The reason is that for every m φ the decay rate has an upper limit, which is reached when κξM 1 (cf. Eq. (19)). Therefore, this scenario will be unconstrained if the maximum flux predicted from dark matter decay is below the experimental sensitivity. We find numerically that this occurs for m φ 2 MeV.
The observation of the spectral feature from dark matter decay via the gravity portal is subject to other phenomenological constraints, mainly from the modifications of the cosmic microwave background (CMB) anisotropy power spectrum induced by the injection of energy after recombination, which could significantly modify the ionization history of the Universe [24] [25] [26] [27] . We have estimated the CMB constraints on our scenario using the Project Epsilon code [28] ; the resulting limits are shown as a black line in Fig. 3 . Interestingly, the CMB constraints are weaker than the ones from gamma-ray telescopes, thus opening the possibility of observing sharp spectral features from dark matter decay via the gravity portal in future missions, like e-ASTROGAM [29] .
Conclusions
Stabilizing global symmetries for dark matter do not need to be preserved by gravitational interactions. Therefore, in curved spacetime, which is the natural framework to describe dark matter, terms inducing dark matter decay through gravity are a logical possibility. In this paper we have investigated the impact of operators linear in the dark matter field and proportional to the Ricci scalar on the stability of a singlet scalar dark matter candidate with sub-GeV mass. In this energy regime, the final states kinematically accessible for dark matter decay contain pions, photons, electrons, muons and neutrinos (and their antiparticles). We have identified the dominant decay channels and calculated the corresponding decay widths in terms of known parameters of the Lagrangians of chiral perturbation theory and quantum electrodynamics. The only free parameters in our analysis are therefore the dark matter mass and the dark matter coupling strength to the Ricci scalar, given by κξM , with ξ (M ) a dimensionless (mass dimension) parameter and κ the inverse reduced Planck mass.
We have shown that the decay via the gravity portal always produces a sharp feature in the isotropic diffuse photon spectrum, which could be readily discriminated from the featureless astrophysical backgrounds, thus providing a probe of the dark matter non-minimal coupling to gravity. Concretely, for m φ < 2m e , the dominant decay channel is φ → γγ, which produces a line in the photon energy spectrum; for 2m π 0 < m φ 1 GeV, the dominant decay channel is φ → π 0 π 0 , which produces a gamma-ray box from the decay in flight of the pions into two photons; and for 2m e m φ < 2m π 0 , we have found a new sharp spectral feature, which arises from the decay vertex φēγ µ A µ e. The non-observation of sharp gamma-ray features in current experiments already places strong constraints on the dark matter non-minimal coupling to gravity, e.g. κξM 10 −6 , 10 −3 and 10 −1 for m φ 500, 50 and 5 MeV, respectively. Complementary limits on the parameter space stem from requiring that the decay products do not significantly modify the reionization history of the Universe. These limits are comparable or weaker than our conservative limits from the non-observation of sharp features in the photon spectrum. Planned X-and gamma-ray instruments will continue testing the possibility of dark matter decay via the gravity portal.
